abstract: Statins are potent medications which reduce low-density lipoprotein cholesterol (LDL-C) levels. Their efficacy in cardiovascular risk reduction is well established and indications for their use are expanding. While statins are generally well tolerated and safe, adverse events are relatively common, particularly statinassociated muscle adverse events (SaMAEs), which are the most frequently encountered type of adverse event. Recent guidelines and guideline updates on SaMAEs and statin intolerance have included revised definitions of SaMAEs, incorporating new evidence on their pathogenesis and management. As SaMAEs emerge as a therapeutic challenge, it is important for physicians to be aware of updates on management strategies to ensure better patient outcomes. The majority of patients who are considered statin-intolerant can nevertheless tolerate some forms of statin therapy and successfully achieve optimal LDL-C levels. This review article discusses the recent classification of SaMAEs with emphasis on pathogenesis and management strategies.
S
tatins are a group of potent low-density lipoprotein cholesterol (LDL-C)-lowering drugs. 1 Their efficacy in improving cardiovascular morbidity and mortality is supported by a large body of evidence.
2 Although statins are generally well-tolerated and safe, side-effects are relatively common, with muscular complaints occurring most frequently. 3, 4 In the majority of patients, these are mild and reversible; however, in rare cases, patients may develop more severe adverse effects. 3 In clinical practice, the management of patients with statin-associated muscle adverse events (SaMAEs) has emerged as a therapeutic challenge among physicians seeking evidence-based LDL-C-lowering therapies. Recently, positive results from an international trial supported the use of non-statin drugs for the management of statin-intolerant dyslipidaemic patients and confirmed the "lower is better" LDL-C hypothesis. 5 In addition, the introduction of proprotein convertase subtilisin/ kexin type 9 (PCSK9) inhibitors, although parenteral, offers a potentially strong alternative. 6 In view of these data, the American College of Cardiology (ACC) Expert Consensus Decision Pathway was created to incorporate recent evidence on LDL-C-lowering agents in patient management to reduce the risk of atherosclerotic cardiovascular disease (ASCVD).
2006 guidelines, redefining SaMAEs and providing recommendations on management. 4 The original consensus statement of the Canadian Consensus Working Group (CCWG) for the diagnosis, prevention and management of statin-associated adverse effects and intolerance was updated in 2013 and 2016; these outlined the adverse effects of statins and reviewed recent evidence on the management of statinintolerant patients. [8] [9] [10] The European Atherosclerosis Society (EAS) Consensus Panel issued a statement that focused specifically on the diagnosis and management of statin-associated muscle symptoms. 11 It is important for clinicians to be aware of these recommendations and current management options based on recent trial results.
Statin Intolerance and Adverse Effects
Several definitions have been proposed for statin intolerance. 3, 9 The NLA defines statin intolerance as the inability to tolerate at least two statins, with one of them administered at the lowest starting daily dose and the other at any dose. 3 This intolerance may manifest as symptoms, signs or laboratory abnormalities which negatively affect an individual's quality of life and lead to a decrease in dosage or discontinuation of the statin. These abnormalities must be temporally associated with statin therapy, resolve upon statin discontinuation and be reproducible by rechallenge. 3 There is some ambiguity regarding the concept of the lowest dose for each statin drug. In the most recent CCWG consensus statement, Mancini et al. referred to the approved statin drug doses in their definition of statin intolerance. 10 Intolerance to statins can be complete (intolerance to all statins at any dose) or partial (intolerance to certain statins at specific doses). The exclusion of other established predisposing factors to observed side-effects-including drugdrug interactions, untreated hypothyroidism and febrile illness-is a prerequisite for a diagnosis of statin intolerance. SaMAEs are reported by 5-29% of treated patients. 11, 12 Data from the Arabian Gulf on the prevalence and management of SaMAEs are currently lacking. Results from the Dyslipidemia International Study-Middle East indicated that patients from the United Arab Emirates, Saudi Arabia, Lebanon and Jordan were most commonly prescribed statin doses at a potency equivalent to 40 mg/day and 80 mg/day of simvastatin. 13 This observation, along with the expanding indications for statins, are expected to lead to increases in the prevalence of statin-intolerant patients from the Arabian Gulf.
14 Studies investigating this important issue are therefore warranted.
Definitions and Diagnosis
The NLA no longer uses the term 'statin-associated myopathy'; this was replaced by 'SaMAEs' in 2014. 4 The new definitions utilise neuromuscular terminology for descriptions of myalgia and myopathy and require objective evidence of muscle inflammation (e.g. a skeletal muscle biopsy and/or magnetic resonance imaging) for a diagnosis of myositis. 4 The guidelines also account for differences in age, gender and muscle mass when defining normal creatine kinase (CK) thresholds, with preferential use of the patient's own pre-statin CK levels, when available. Moreover, the guidelines acknowledge that clinical entities may overlap in clinical presentation. 4 The EAS Consensus Panel, on the other hand, retains the general term 'statin-associated myopathy' and classifies the spectrum based on the presence or absence of statinassociated muscle symptoms, which cover a broader range of clinical presentations and CK levels. 11 The CCWG introduced the concept of goal-inhibiting statin intolerance to emphasise the negative impact of these symptoms on achieving treatment goals. 10 Statin therapy-associated myalgia is usually identified as a result of clinical characteristics, resolution with statin discontinuation and recurrence with rechallenge within an expected time limit; however, this is not true in all cases and concerns exist regarding reliable diagnosis of this disorder. 12 Recent evidence from several clinical trials suggests that many patients who were previously considered to be statin intolerant based on clinical characteristics, were not actually intolerant. 12, 15, 16 Although clinical myalgia scales exist, they have not yet been validated for diagnosis. 4 In clinical practice, myalgia and/or mild CK elevations may persist for a lengthy period following statin discontinuation, although the mechanisms behind this delay are not clear. 17 Several algorithms for diagnosing patients presenting with SaMAEs have been proposed.
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Classification
The classification and spectrum of SaMAEs is summarised in Table 1. 1,4,12,18-25 Based on pathogenesis, SaMAEs are classified into two major categories: toxic (i.e. nonautoimmune and self-limited) and autoimmune. 26 The clinical manifestations of toxic SaMAEs range from muscle pain to severe muscle damage leading to rhabdomyolysis. The muscle adverse events in patients with toxic SaMAEs stabilise and show marked improvement within 2-3 months following statin cessation. 18 Until recently, SaMAEs referred to the nonautoimmune form. 26 Autoimmune inflammatory myositis and/or necrotising myopathy, on the other hand, starts or persists even after drug discontinuation. 27 This entity is very rare and is characterised clinically by myalgia, symmetrical proximal muscle weakness, universally persistently elevated creatine phosphokinase (CPK) levels in individuals with active disease (CPK >2,000 IU/L or >10 times the upper limit of the normal range in nearly 90% of cases) and the presence of autoantibodies to 3-hydroxy-3-methylglutarylcoenzyme A reductase (HMGCR), the pharmacological target of statins. 20, 24 The presence of muscle weakness is a characteristic feature. 24 An algorithm for the evaluation of potential cases of statin-associated autoimmune myopathy has been proposed. 24 In statin-associated autoimmune myositis or myopathy, skeletal muscle involvement is not associated with cutaneous or pulmonary involvement, as observed with other inflammatory myopathies. 17 Spontaneous improvement has been reported in a few very mild SaMAE cases following discontinuation of the statin therapy. 24 However, immunosuppressive medications are necessary in the majority of patients. 24 Immunosuppression may attenuate the myopathy, allowing muscle regeneration to outpace muscle 
Type
Clinical presentation Incidence/ prevalence Long-term outcome
Myalgia
Unexplained muscle discomfort without CK elevation, including muscle aches, soreness, stiffness, tenderness and exercise-related cramps. 4 The pain is dull, aching, widespread and involves the trunk and proximal muscles. Calf and forearm pain is less common and is usually bilateral.
1-5% in controlled trials and 11-29% in observational studies 4 Myalgias are generally tolerable but can become debilitating, requiring statin withdrawal. The long-term outcome is favourable. Symptoms improve or full recovery occurs in the majority of patients on cessation of statin therapy; however, the condition can continue beyond 14 months.
22
Myopathy
Muscle weakness (not due to pain and/or CK elevation). A diagnosis is made by the detection of proximal weakness of grade ≤4/5 and standardised muscle testing with confirmation by electromyography and/or muscle biopsy. 4 Other causes of muscle weakness should be excluded.
≈3% 25 An annual assessment of muscle strength is indicated in patients with minimal symptoms without >3 x ULN CK elevations who elect to remain on statin therapy. Serial assessment in asymptomatic patients is unnecessary. 4 Among patients with persistent symptoms after statin withdrawal, 10% have underlying neuromuscular disease.
23
Myositis
Muscle inflammation (determined by skeletal muscle biopsy and/ or magnetic resonance imaging), commonly associated with muscle pain and tenderness. 4 Unknown as it is no longer diagnosed by clinical and CPK criteria
Can be toxic or autoimmune. The former improves with statin discontinuation, whereas in the latter only a few patients improve with drug discontinuation; for the remaining patients, the disease is persistent or progressive despite statin discontinuation. 21, 23, 24 The autoimmune type is associated with anti-HMGCR antibodies and requires immunosuppressive therapy (steroids and/or intravenous immunoglobulin).
20
Myonecrosis
Elevated muscle enzymes or consistently increased serum CK levels. Muscle injury is graded as mild (>3 x baseline untreated CK levels or age-, race-and gender-adjusted ULN), moderate (≥10 x baseline untreated CK levels or age-, race-and gender-adjusted ULN) or severe (≥50-fold above baseline CK levels or age-, race-and gender-adjusted ULN; consistent with an absolute CK concentration of 10,000 IU/L). 4 Incidence is not well defined as CK levels are not routinely measured No data available for this pathological entity in its full spectrum.
Clinical rhabdomyolysis
Severe myonecrosis, with myoglobinuria and/or acute renal failure*. destruction, although it may not completely abolish the underlying pathophysiological processes in all cases. 20, 24 During follow-up, antibody titres are useful for assessing treatment response in affected patients. 26 Diagnostic Role of Anti-3-Hydroxy-3-MethylglutarylCoenzyme A Reductase Autoantibodies
In patients with SaMAEs, autoantibodies to HMGCR are highly specific for autoimmune myositis or myopathy and have not been detected to date in asymptomatic patients or patients with selflimited SaMAEs, including myalgia, weakness, mild asymptomatic CK elevations or severe self-limited myopathy or rhabdomyolysis. 28, 29 A positive test for anti-HMGCR autoantibodies strongly supports the presence of an autoimmune process, while an alternative diagnosis should be considered if the test is negative. 24 However, anti-HMGCR antibodies are not pathognomonic for statin-related autoimmune myositis or myopathy; in the largest cohort studied to date, one-third of patients who were positive for anti-HMGCR had autoimmune myositis or myopathy due to various causes. 24 In general, the risk of antibody development is higher among individuals with prior statin exposure and those positive for human leukocyte antigen D-related (HLA-DR) 11; Limaye et al. found that 42% of statin-naive HLA-DR 11 subjects had detectable antibodies, which increased to 90% following statin exposure. 27 Several laboratory techniques have been developed to detect anti-HMCGR autoantibodies, including the enzyme-linked immunosorbent assay (ELISA), addressable laser bead immunoassay and immunoblotting. 17 Screening for anti-HMGCR autoantibodies via ELISA has achieved a sensitivity and specificity of 94.4% and 99.3%, respectively. 28 False-positive results on commercial ELISAs (0.7%) are commonly due to the anti-cortactin antibody, another recently described myositis-associated antibody. 17, 24 Confirmation of positive ELISA samples by immunoprecipitation or immunoblotting is mandatory. 17, 30 The negative predictive value of ELISA in an unselected population was greater than 0.999; in a specialised myositis clinic, it was estimated at 0.996. 28 Therefore, a negative HMGCR ELISA result, regardless of clinical setting, means that it is very unlikely that a patient has an anti-HMGCR autoimmune myopathy requiring immunosuppressive therapy. 28 To avoid erroneous diagnoses, only patients with markedly elevated muscle enzyme levels should be tested for these autoantibodies. 24 
Muscle Biopsy Findings
Muscle biopsy findings vary among patients with SaMAEs. In one study, vacuolation of the T-tubular system with intact sarcolemmas was noted in the lesions of 56.8% of symptomatic patients with myalgia, weakness and cramps. 31 This pathology may occur without CK elevations as the muscle fibre damage is largely restricted to the intracellular space while the 32 In cases of toxic necrotising myopathy, muscle fibre necrosis with prominent phagocytosis and small basophilic regenerating fibres have been observed in patients with elevated serum CK levels and weakness or myalgia; these patients did not have detectable HMGCR antibodies. 18 In anti-HMGCR clinical syndrome, autoimmune inflammatory myositis and/or necrotising myopathy is observed. 17 Necrotising myopathy is a characteristic pathological pattern consisting of scattered muscle fibre necrosis and regeneration, macrophage infiltrates, a few endomysial inflammatory cells (including cluster of differentiation [CD] 4+ and CD8+ T cells and plasmacytoid dendritic cells) and sarcolemmal complement deposition on the surface of non-necrotic muscle fibres. 17 Some patients have predominantly autoimmune necrotising myopathy, which is characterised by necrotic muscle fibre infiltrating macrophages without inflammation, while the myositis subtype exhibits greater inflammatory cell infiltration. 25 The two conditions likely represent one pathophysiological spectrum rather than separate entities and transformation has been reported on consecutive histological biopsies. 25 It is important to emphasise that this entity is very rare; however, while general practitioners may not come across such cases in practice, they must remain vigilant regarding the basic principles and features of the syndrome.
Risk Factors
Risk factors for SaMAEs are shown in Table 2 . 8, 21, 33, 34 Attention to these factors may be the best way to minimise the risk of muscle injuries, which are reported with all marketed statins. 33 The highest risk of developing an SaMAE is with 80 mg of simvastatin (18.2%); therefore, this dose is better avoided. 8, 35 Atorvastatin, pravastatin and fluvastatin (80 mg) have lower SaMAE risks (14.9%, 10.9% and 5.1%, respectively) and are better tolerated. 35, 36 Drug interactions vary with statin type and dose; specific statin-drug interactions and contraindications have been previously reviewed in more detail. 34 
Management of Dyslipidaemia
In the management of dyslipidaemia among patients with SaMAEs, LDL-C reduction using evidence-based therapies to nationally-supported guideline-based targets is the optimal goal. 7, 10 The NLA/ACC/American Heart Association guidelines advise clinicians to reinforce the importance of adherence to statins and lifestyle changes; however, high-risk patients who are completely statin-intolerant or tolerant only at a lower-than-recommended statin intensity may be considered for non-statin cholesterol-lowering (NSCL) therapy. 3, 7 Drugs that have demonstrated ASCVD risk reduction benefits outweighing the potential for adverse events and drug-drug interactions are recommended, while addressing patient risks and preferences. 36 It is important to exclude risk factors for SaMAEs and non-side-effect-related causes for discontinuation, such as insurance-related or financial causes and patient misconceptions regarding duration of therapy and the benefit-to-adverse effects ratio. 3, 37 In mild cases, the decision to continue treatment with statins belongs to the patient, aided by effective communication from the clinician. 3 s t e p 1: s tat i n r e c h a l l e n g e Among patients with SaMAEs, 92.2% can tolerate a second statin upon rechallenge, approximately 50% can tolerate the original statin-occasionally with increases in dose-and up to 72.5% can successfully tolerate a third statin. 37, 38 Tolerance is improved when doses of a lower potency are prescribed. 4 Stein et al. reported that 97% of patients with a history of SaMAEs tolerated switching to 80 mg of daily fluvastatin, which reduced LDL-C levels by 32.8%. Non-daily regimens include every other day, twice weekly and weekly dosing. 40 Rosuvastatin and atorvastatin have long half-lives which makes them suitable for non-daily dosing. 4 Rosuvastatin every other day has been reported to lower LDL-C levels by 40.9% at a dose of 20 mg, by 39% at 10 mg and by 34% at a mean dose of 5.6 mg (range: 2.5-10 mg). 40, 41 Additionally, atorvastatin every other day decreases LDL-C levels by 23% in comparison to 39% with daily dosing. With 20 mg of lovastatin every other day, LDL-C levels were reduced by 21% and the drug was tolerated by 98% of the studied subjects. 40 A total of 5-10 mg of rosuvastatin twice weekly significantly decreased LDL-C levels by 26%, whereas changing doses of simvastatin from 10-20 mg daily to 40-80 mg twice weekly was not effective in reducing LDL-C levels. Weekly doses of 5-20 mg of rosuvastatin decreased LDL-C levels by 6-62% in a small series. 40 Overall, non-daily regimens are better tolerated compared to daily dosing, but result in lower LDL-C reductions. 40 Nonetheless, even modest LDL-C reductions are thought to be useful in improving long-term outcomes; therefore, aiming for the highest tolerated dose is a reasonable endpoint. 4 It is important to note, however, that while non-daily regimens are better tolerated, their use does not eliminate the possibility of on-going muscle pathology existing in the absence of clinical symptoms. While NSCL monotherapy has been found to improve major cardiovascular endpoints, the evidence for its combination with statins has been consistently inadequate, except with ezetimibe. 5 In addition, NSCLD monotherapy has been found to result in lower LDL-C reductions and is not without adverse effects. 42 Ezetimibe is well tolerated but may cause nausea and bloating. 43 When added to simvastatin therapy, it has resulted in incremental LDL-C lowering and an absolute risk reduction of 2% in the rate of cardiovascular mortality, myocardial infarction or stroke over a seven-year follow-up. 5 Combined ezetimibe/atorvastatin, on the other hand, has resulted in lower LDL-C levels and greater coronary plaque regression than atorvastatin alone. 44 Bile acid sequestrants (e.g. cholestyramine, colestipol and colesevelam) have been found to decrease LDL-C levels by approximately 15%. 7 A combination of ezetimibe/ colesevelam has reduced LDL-C levels by 42% with no reports of discontinuation due to adverse events. 45 In the Lipid Research Clinics Trial, cholestyramine decreased cardiovascular disease events by 25%. Niacin monotherapy reduced nonfatal myocardial infarctions by 27% and cerebrovascular events by 26% at a six-year follow-up as well as resulted in an 11% relative reduction in all-cause mortality at 15 years compared to a placebo in one study. 46 Moreover, niacin in combination with clofibrate significantly reduced overall mortality and ischaemic heart diseaserelated mortality in comparison to a placebo. 46 A statin/niacin combination, on the other hand, did not result in incremental clinical benefits in patients with atherosclerotic disease despite LDL-C reduction and an increase in high-density lipoprotein cholesterol (HDL-C) levels. 47, 48 There is currently a lack of data on the safety, efficacy or tolerability of niacin in statinintolerant individuals. 10 Fibrates decrease triglyceride levels and raise HDL-C levels. 49 However, cardiovascular disease outcomes with fibrate monotherapy have been mixed. Post hoc subgroup analyses in monotherapy studies have suggested the beneficial effects of fibrate therapy in subjects with high triglyceride levels, with or without low HDL-C levels. 49 There is also evidence for a reduction in cardiovascular disease risk with fibrates, particularly among patients with diabetes and metabolic syndrome. 8, 43 However, doubling the statin dose yields a greater LDL-C reduction compared to the addition of fibrate therapy. 50 Moreover, statin/ fibrate combinations do not reduce the rate of fatal cardiovascular events, nonfatal myocardial infarctions or nonfatal strokes compared with simvastatin monotherapy; however, there is a trend of cardiovascular disease event reduction (P = 0.057) with a statin/fibrate combination in patients with high triglyceride and low HDL-C levels. 51 The interaction between gemfibrozil and statins is known to increase statin toxicity due to the inhibition of cytochrome P4502C8 and organic anion-transporting polypeptide 1B1 by gemfibrozil and its glucuronide, leading to increased plasma statin concentrations. 52 On the other hand, the coadministration of statin with fenofibrate among patients with combined hyperlipidaemia is safe, although attention to factors predisposing to statin toxicity is always warranted when statins are used as either a monotherapy or in combination with other drugs. 10, 53 Monoclonal antibodies against PCSK9 have shown good efficacy and tolerability in patients with statin intolerance. At 12 weeks, evolocumab was found to reduce LDL-C levels by 53-56% compared to 15-18% with ezetimibe. 6 Alirocumab resulted in an absolute LDL-C reduction of 84 mg/dL and had the lowest muscle-related adverse event rate of 33% versus 41% with ezetimibe (P = 0.10) and 46% with atorvastatin (P = 0.04). 6 Preliminary evidence on the efficacy of PCSK9 inhibitors combined with statins shows reduced cardiovascular outcomes. 49 However, the safety and tolerability profile of PCSK9 inhibitors remains to be proven; this is the aim of large trials of cardiovascular outcomes currently underway. 6 If the benefits of PCSK9 inhibitors follow a similar trend to statins, major vascular events could be reduced by up to 40-50% in high-risk patients. 6 The use of PCSK9 inhibitors has been approved in Europe and North America as adjuncts to diet and maximally-tolerated statin therapy in adult patients with heterozygous or homozygous familial hypercholesterolaemia and patients with clinical ASCVD who require additional lowering of LDL-C levels. 49, 54, 55 Lomitapide and mipomersen have been recently approved in the USA for the treatment of familial hypercholesterolaemia; these drugs substantially reduce LDL-C levels via distinct low-density lipoprotein receptor-independent mechanisms. 49 Other potential therapeutic options include plant sterol esters or stanol esters (found in margarines), viscous fibre (found in oat bran, legumes and psyllium) and the dietary substitution of mono-or polyunsaturated fats for trans-unsaturated or -saturated fats. 3 Following statin rechallenge, the choice of NSCL drug in patients deemed to have partial or complete intolerance to statins is governed by the degree of LDL-C reduction required to achieve a prespecified goal. Figure 2 presents the recommended steps in prescribing non-statins to patients with SaMAEs and details possible non-statin drug choices. Priority should be given to agents with proven cardiovascular outcomes, particularly ezetimibe, bile acid sequestrants or both. 4, 7, 8, 33, 36, 43, 54, 55 It has been suggested that if the patient is within 20% of their clinical LDL-C goal, then ezetimibe is preferred; in contrast, for patients who need a >20% reduction in their LDL-C levels, the choice is between multiple standard agents added sequentially (e.g. ezetimibe, a bile acid sequestrant and niacin), PCSK9 inhibitors, lomitapide or mipomersen (for patients with homozygous familial hypercholesterolaemia), apheresis (if available) or complex polypharmacy. 10 It is important to keep in mind that non-daily statin doses and the combination of statin plus non-statin therapy may provide treatment alternatives and result in LDL-C reductions similar to those seen with high-dose statin regimens. 4 p o ly p h a r m a c y c h a l l e n g e s Patients with clinical ASCVD who have lower LDL-C goals and those with significant baseline LDL-C elevations (i.e. familial hyperlipidaemia) may pose a treatment challenge and require polypharmacy to achieve their prespecified LDL-C goals. While ezetimibe is well tolerated, the addition of a resin or niacin may not be tolerated in all patients. Since the maximal LDL-C reduction which can be achieved with ezetimibe is approximately 20%, other safe and effective lipid-lowering agents for patients who require greater LDL-C reductions are necessary. 7 The use of PCSK9 inhibitors is governed by cost and local policies. 56 It is important to emphasise that PCSK9 inhibitors are approved only as adjuncts to statins unless the patient is completely intolerant. 48, 53, 54 Conclusion Cardiovascular benefits are strongly linked to reductions in LDL-C levels, as long as proven and safe LDL-C-lowering agents are used. While most SaMAEs are mild and reversible, a subgroup of patients treated with statins may develop autoimmune inflammatory myositis or necrotising myopathy which does not resolve with statin discontinuation and requires immunosuppressive therapy. Statin rechallenge is successful in the majority of cases and is the first choice of therapy; in these instances, the maximal tolerated dose should be used and continued-even if outcomes are modest-in order to meet nationally-supported guideline-based LDL-C goals and reduce the patient's cardiovascular risk. Nevertheless, evidence regarding the effectiveness of NSCL therapy is accumulating and ezetimibe, bile acid sequestrants and PCSK9 inhibitors are currently the most effective statin alternatives.
